1. Introduction {#sec0005}
===============

Tobacco-specific nitrosamines (TSNAs) are nitrosated alkaloids found in tobacco, cigarettes, cigars and smokeless tobacco products \[[@bib0005],[@bib0010],[@bib0015]\]. Two compounds in this class, N'-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), have been classified as human carcinogens (IARC Group 1) by the International Agency for Research on Cancer \[[@bib0020]\]. Two additional TSNAs, nitrosoanatabine (NAT) and nitrosoanabasine (NAB) have also been identified but have not been classified as known human carcinogens (IARC Group 3 -- not classifiable; \[[@bib0020]\]). Numerous factors affect the TSNA content of tobacco and tobacco products. A combination of genetics, agronomic practices, climatic conditions, and leaf curing methods and storage conditions determine the chemical composition of the tobacco leaf and finished tobacco products and its potential to form TSNA \[[@bib0025]\]. Extensive efforts by the industry have resulted in significant TSNA reductions. See for example \[[@bib0005]\] that showed an average reduction of individual TSNAs of 83 % in two U.S. smokeless tobacco products from 1980 to 1992. Fisher et al. \[[@bib0030]\] showed that finished product nitrosamines declined significantly from the late 1990s until 2005 or so. Nonetheless, despite significant advances in plant breeding, agronomics, and downstream tobacco processing methods to lower TSNAs, they continue to be constituents of concern in tobacco products.

Moist smokeless tobacco (MST) products are the most widely used smokeless tobacco products in the U.S. \[[@bib0035]\]. Snus products were not included as MST products in this study. MST products are principally comprised of blends of dark air-cured, dark fire-cured and burley tobaccos, additives and water \[[@bib0020]\]. It has long been known that the TSNA levels in these cured tobaccos are extremely variable, often with coefficients of variation in excess of 100 % of the mean (see for example, \[[@bib0040],[@bib0045]\], 1994, \[[@bib0050],[@bib0055]\]). Substantial variability in NNN, NNK, NAT, and NAB levels within different portions of dark air-cured tobacco leaves have also been reported \[[@bib0060]\]. Researchers have published several surveys of TSNA levels in a wide variety of smokeless tobacco products showing broad variation in the marketplace \[[@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090]\]. Kaluba et al. \[[@bib0095]\] examined nitrosamines in alternative smokeless tobacco products outside the United States.

The U.S. Food and Drug Administration (FDA) recently proposed a limit on NNN levels in finished smokeless tobacco products \[[@bib0100]\]. The proposal would require products to maintain mean levels of NNN not exceeding 1.0 μg per gram of tobacco on a dry weight basis^1^ through the product's labeled expiration date. The FDA estimated that 30 % of the marketed MST products were compliant with the proposed product standard (\[[@bib0105]\], Table 3) based upon industry reports to the FDA in 2012 under section 904 of the Tobacco Control Act. However, based upon the levels previously reported in published data \[[@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090]\] very few if any conventional MST products would meet the proposed product standard. One explanation of the difference in estimates of MST products that would meet the proposed product standard was provided by Morton et al. \[[@bib0110]\]. It was shown that, since none of the USSTC MST products reported in 2012 met the proposed product standard on a dry weight basis, an implausibly high percentage (∼60 %) of the non-USSTC MST products would have to meet the proposed product standard for the FDA estimates to be accurate. Such a high percentage below 1.0 μg/g dry weight is not consistent with the values reported in the literature in which virtually none of the tested MST products meet the proposed product standard. However, if one assumes that the FDA misinterpreted values reported on a wet weight basis as already being dry weight, approximately 40 % of the reported USSTC values would have appeared to meet the proposed product standard, which would be consistent with the FDA estimates. Based on those calculations, and the knowledge that USSTC submitted values to the FDA on a wet weight basis, it was hypothesized that, though many or most of the values reported to the FDA under Section 904 of the Tobacco Control Act (Reporting Harmful and Potentially Harmful Constituents in Tobacco Products and Tobacco Smoke) were reported on a wet weight basis, the FDA assumed that all values were reported on a dry weight basis. This argument is given in more detail in Morton et al. \[[@bib0110]\]. Values expressed on a dry weight basis for MST products are generally a little more than two times the wet weight values, so the hypothesized error has a large effect and closely explains the FDA's conclusions with regards to proportion of products meeting the proposed product standard.

Limited data have been published on the variability of TSNA levels over time in tobacco crops used to make smokeless tobacco products sold in the U.S. Even less data have been published demonstrating how variability in TSNA levels in source tobaccos are reflected in the variability of TSNA levels in smokeless tobacco products made from those tobaccos. The two objectives of this work were to examine the variability in NNN, NNK and NAT levels not only in tobacco crops but also commercial smokeless tobacco products made by USSTC from those tobacco crops and to assess their compliance with the FDA's proposed product standard of 1.0 μg/g dry weight.

2. Materials and methods {#sec0010}
========================

2.1. Tobacco sample collection {#sec0015}
------------------------------

All of the tobaccos discussed herein were sourced from the United States and grown between 2005 and 2017. The sampling plans each year were intended to include samples from every grower selling tobacco to USSTC (though a small number were inadvertently missed), except for the 2012 and 2013 samples from dark air-cured tobaccos when sampling was from every 30th bale purchased by USSTC, not from every grower.

For dark fired-cured tobacco, Fisher et al. \[[@bib0030]\] described how samples were collected and processed from 2005−2010. Similar collection and processing techniques were used for dark fired-cured tobacco collected in 2011--2013 and 2016 and 2017. Specifically, for 2005--2011, three random leaf-grade bales were selected from each curing barn and two core samples were collected from each bale and combined to comprise an analytical sample. Core samples were 3--4 inches in diameter and approximately 34 in. in length. Length varied due to the size of the bale (typically between 600--800 lbs.) and compressibility of the tobacco. In 2012 and 2013, the same sampling protocol from 2005 to 2011 was used except that the three random leaf-grade bale samples were combined into a single analytical sample and blended together prior to analysis. In 2016, two samples from each farmer's delivery were obtained. A composite taken from the first three bales was taken for the first sample and a composite from the last three bales was taken as the second sample. In 2017 the sampling protocol from 2012 and 2013 was used.

Sampling of dark air-cured tobacco was similar to dark fire-cured tobacco. From 2005 to 2011, three random leaf-grade bales were selected from each farmer's delivery and two core samples were collected from each bale and combined to comprise an analytical sample. In 2012 and 2013, one sample was taken from every 30th bale. In 2016 and 2017, two composite samples were obtained, one from the first three bales and the second from the last three bales of a farmer's delivery.

Sampling of burley tobacco was conducted from 2005 to 2011 and in 2017 and the protocol mirrored the protocol used for dark air-cured tobacco in the years burley was sampled.

Sample preparation procedures for all tobacco types were largely consistent with CORESTA Guide No. 13. Cored bale samples of all tobacco types were frozen in liquid nitrogen and ground prior to TSNA analysis but were not stored in a freezer after grinding due to the short time duration between grinding and analysis.

2.2. Smokeless tobacco product {#sec0020}
------------------------------

NNN, NNK and NAT levels in nine different commercial smokeless tobacco products from 2008 to 2017 were measured at the end of the product stability testing period. These products represent seven different blends of dark fire-cured, dark air-cured and burley tobacco. The products are all MST products and represent a mix of fine cut and long cut products. From 2008 to 2010, NNN, NNK and NAT levels were measured from a maximum of 26 batches/year per product. From 2011 to 2017, NNN, NNK and NAT levels were measured from a maximum of 26 batches of each product per year per packaging configuration (some products are made in more than one packaging configuration). Sample cans of each product were stored in a controlled environment (73.0 ± 3.0 °F and 51 % ± 10 % relative humidity) for the duration of the product stability testing periods listed in [Table 1](#tbl0005){ref-type="table"}. Typically, products are kept as 5-can logs wrapped in plastic shrink wrap for the first 2 weeks of storage and then unwrapped for the remainder of the study. These storage conditions are intended to reflect average retail conditions as product is shipped to retail in shrink wrapped logs where it may then be sold in logs of five cans or unwrapped for single can sales.Table 1Product Stability Testing Periods.Table 1Product\
NumberProduct Stability Testing Period\
(weeks)1, 7, & 88--122, 3, 4, 5, 6 & 920

2.3. TSNA analysis {#sec0025}
------------------

The analytical methodology employed to determine NNN, NNK and NAT levels varied over the course of the data collected for this work. From 2005 to 2011, dark air-cured, dark fire-cured, and burley tobacco and retain samples of smokeless tobacco product were analyzed using a high-throughput GC-TEA or GC-NCD method (\[[@bib0115]\], Morgan et al., \[[@bib0120]\]). The focus of these methods was the identification of high TSNA results and for that reason, the peak integration was not optimized for low-level values. Beginning in 2012, NNN, NNK and NAT levels were measured using an LC--MS/MS method \[[@bib0125]\] in a laboratory accredited to the ISO 17025 standard and was within the scope of accreditation. To allow all of the results to be quantitatively combined, low values were extrapolated beyond the calibration curve. All values are reported on a dry weight basis. In this paper, all TSNA values should be understood as being on a dry weight basis unless explicitly stated otherwise. Reporting on a dry weight basis adjusts for differences in water or moisture content.

3. Results {#sec0030}
==========

3.1. TSNA levels in tobaccos {#sec0035}
----------------------------

Significant variability was observed in NNN, NNK and NAT levels for each of the three types of tobacco within single crop years as well as from year-to-year ([Fig. 1](#fig0005){ref-type="fig"}; see supplemental data for tabulated values). The within year relative variability in measured NNN levels (standard deviation divided by the mean value expressed as a percentage; also called the coefficient of variation) averaged 104 % in dark fire-cured, 115 % in burley, and 193 % in dark air-cured tobacco. The range of observed values was generally quite large. For example, in 2017 for dark air-cured tobaccos, the 10th percentile NNN result was 0.26 μg/g and the 90th percentile result was 4.54 μg/g, a ratio of 17.5. There was also substantial year-to-year variability in the NNN levels. For example, the average NNN values were 0.31 μg/g in 2010 and 4.99 in 2013. The relative variability in measured NNK levels was even larger than for NNN, averaging 232 % for dark fire-cured, 444 % for dark air-cured, and 381 % for burley. The relative NAT variability was similar to the variability seen with NNN, 89 % for dark fire-cured, 242 % for dark air-cured, and 128 % for burley.Fig. 1NNN (A), NNK (B) and NAT (C) levels (μg/g or ppm, dry weight basis) in burley, dark fire-cured and dark air-cured tobaccos harvested in crop years 2005 through 2017. Boxes represent the 25th and 75th percentile value and whiskers indicate the 10th and 90th percentile. The median and mean are represented as a black line and a white bar, respectively. Numbers of samples analyzed are in parenthesis.Fig. 1

No sustained trend of increasing or decreasing NNN, NNK or NAT levels or variability over this time period was identified.

3.2. TSNA levels in smokeless tobacco products {#sec0040}
----------------------------------------------

Measured NNN, NNK and NAT levels at the end of the product stability testing period ([Table 1](#tbl0005){ref-type="table"}) for the nine smokeless tobacco products manufactured from 2008 to 2017 are shown in [Fig. 2](#fig0010){ref-type="fig"} (data shown on a dry weight basis) and demonstrated substantial variability. The average within year relative variability of NNN, NNK, and NAT across all of the products were 21.6 %, 31.2 %, and 21.9 %, respectively. Though this is less variation than was seen in tobacco leaf samples, it still represents considerable product variation. For example, for Product 1 in 2017, the 10th percentile NNN value was 2.57 μg/g and the 90th percentile value was 4.99 μg/g, almost a factor of two difference.Fig. 2NNN, NNK and NAT levels on a dry weight basis in smokeless tobacco products at the end of product stability testing period from 2008 to 2017. The top panel is NNN, middle panel is NNK and bottom panel is NAT. Boxes represent the 25th and 75th percentile value and the whiskers indicate the 10th and 90th percentile. The median is the horizontal bar within the box. The number of lots measured per product per year is given in the supplemental information.Fig. 2

Though significant reductions were noted by \[[@bib0005]\] and Fisher et al. \[[@bib0030]\] in prior years, the tobacco nitrosamine levels show some year-to-year differences, but do not show any clear year-to-year trends over this time period. It is possible that any year-to-year tobacco trends could be obscured by the extreme variability of the data, changes in sampling protocol, and changes in the analytical methodology over time. The NNN levels measured at the end of product stability testing periods ([Fig. 2](#fig0010){ref-type="fig"}) dropped from 2008 to 2010. From 2010 to 2017, the NNN levels measured at the end of product stability testing periods do not show any clear year-to-year trends. NNK and NAT levels do not show clear year-to-year trends from 2008 to 2017 for most of the tested products. A possible exception is Product 6 that shows higher NNK and NAT values in 2008 than in the remaining years.

4. Discussion {#sec0045}
=============

Our data showed that burley, dark air-cured and dark fire-cured tobaccos purchased by USSTC from 2005 to 2017 consistently exhibited high variability in NNN, NNK and NAT levels. Variability in levels of NNN, NNK, and NAT was observed within crop years and year-to-year with no clear temporal trend toward increased or decreased levels or variability. Relative to the source tobaccos, significantly lower, although still substantial, variability in NNN, NNK, and NAT levels was observed in the nine smokeless tobacco products manufactured from 2008 to 2017. The reduction in variability in finished product is likely due to the smoothing effect coming from blending tobaccos together to make the finished product.

The variability of NNN, NNK, and NAT levels observed in tobaccos examined in the current work are consistent with natural variation expected in an agricultural crop grown and cured on independent farms. Differences in farming practices, processes and technologies can impact levels of NNN, NNK and NAT in tobacco. For example, Chamberlain and Chortyk \[[@bib0130]\] showed a large increase in TSNAs in burley and flue-cured tobaccos with increasing levels of nitrogen fertilizer. Less dramatic but statistically significant differences in TSNA levels were found to be correlated with fertilizer use within normal production ranges in census data taken from contracted dark fire-cured tobacco farmers \[[@bib0030]\]. Fisher et al. \[[@bib0030]\] also investigated effects of rainfall on total NNN, NNK and NAT in dark fire-cured tobacco crops. For samples collected from dark fire-cured tobacco crops produced from 2005 to 2010, intra and inter-year NNN, NNK and NAT levels varied up to 2-fold, while lower levels and less variability were generally correlated with dryer environmental conditions during curing. In a field experiment using two varieties of dark air-cured tobacco (one low converter seed variety), as summarized in a CORESTA grant final report \[[@bib0135]\], statistically significant differences in total TSNAs (NNN, NNK, NAT, and NAB) were measured in tobacco from different areas within a single curing barn and at two different geographic locations.

The variability in TSNA levels in different types of tobacco has been previously reported by several authors (\[[@bib0040],[@bib0045]\], 1992, 1994, \[[@bib0055],[@bib0040],[@bib0045]\]) and found substantial variability (up to 11 fold) in measured levels of NNN, NNK and NAT (wet weight basis) in a single crop year of burley tobacco post-harvest using controlled curing conditions (temperature and relative humidity) which is consistent with variability of measured levels of NNN, NNK and NAT in burley tobacco seen in the current study. Burton et al. \[[@bib0060]\] also found substantial variability in measured levels (wet weight basis) of NNN (up to 7 fold), NNK (≥ 20 fold) and NAT (≥ 4 fold) in 41 different segments of dark air-cured tobacco leaves collected from the top third of the tobacco plant. Burton et al. \[[@bib0140]\] found substantial variation in NNN (up to 3 fold), NNK (up to 6 fold) and NAT (up to 3 fold) levels between leaves from the top, middle and bottom of air-cured and burley tobacco plants. Over the three crop years of tobacco studied, NNN levels varied up to 3 fold, NNK levels varied up to 8 fold and NAT levels varied up to 2 fold. Substantial variability (3--6 fold) in levels of TSNA was also noted by de Roton et al. \[[@bib0055]\] who analyzed burley tobacco samples from a small number of farms in France over 3 crop years (N = 5 for 2001; N = 9 for 2002; and N = 13 in 2003).

TSNA levels and their variability in U.S.-sourced smokeless tobacco products have been published by several authors \[[@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090]\] using different analytical methods (GC--MS/MS, GC-TEA, LC--MS/MS) and reported results either on a dry weight or wet weight basis. The averages and standard deviations of the NNN values from the MST products in those studies are shown in [Table 2](#tbl0010){ref-type="table"}. Richter et al. \[[@bib0075]\] measured levels of NNN, NNK, NAT and NAB in 40 brands of smokeless tobacco products purchased in Atlanta in 2004 and expressed results on a wet weight basis. The NNN values reported by Richter (after conversion to dry weight) averaged 14.5 μg/g and were quite variable from product-to-product and notably higher than the NNN values reported in the other studies in [Table 2](#tbl0010){ref-type="table"}. Similar to the findings in this study, all of the results shown in [Table 2](#tbl0010){ref-type="table"} were quite variable and none of the measured MST values were below the product standard proposed by the FDA.Table 2Summary of NNN from moist smokeless tobacco products in referenced studies.Table 2BorgerdingRichterStepanov 2008AmmannStepanov 2013SongMean (μg/g, dry weight)5.114.54.43.44.94.5Stdev (μg/g, dry weight)2.314.31.92.01.91.0Min (μg/g, dry weight)3.14.41.71.032.8NAMax (μg/g, dry weight)12.791.16.99.58.9NANumber of MST products1939518147[^2]

Only 2 (0.04 %) of 5008 NNN measurements for the nine smokeless tobacco products included in this paper were below the FDA's proposed product standard of 1.0 μg/g NNN on a dry weight basis. Similarly, as noted above, none of the MST NNN results in the references above \[[@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090]\] were below the proposed product standard. Given the variability observed in this paper and other published results, in order to consistently meet any proposed NNN product standard, the *average* NNN value of any given product would need to be well below the proposed NNN product standard NNN level. Considering the mean NNN results published here plus the other published results, it is likely that few, if any, MST products in the U.S. market meet the proposed NNN product standard. However, the FDA concluded that 30 % of the currently marketed MST products meet the proposed NNN product standard, contrary to the results of this paper and contrary to published results. Their conclusion also did not consider the inherent NNN variability of MST products when establishing the proposed NNN product standard. That is, products must average well below the proposed NNN product standard to be *consistently* below the proposed product standard given the variability of NNN. More importantly, despite the fact that many or most of the values reported under Section 904 of the Tobacco Control Act (Reporting Harmful and Potentially Harmful Constituents in Tobacco Products and Tobacco Smoke) were reported on a wet weight basis, the FDA evaluation appears to have assumed that all values were reported on a dry weight basis (discussed above and in more detail in \[[@bib0110]\]). For MST products the difference between dry weight and wet weight NNN is a little more than a factor of two; the calculations given in Morton et al. \[[@bib0110]\], assuming the FDA ignored the conversion between wet weight and dry weight, are consistent with the FDA's findings.

There are several limitations in the current work which include changes in the sampling plan over time used both for the different tobacco types and smokeless tobacco products. Changes in the tobacco sampling plans and analytical methodology and limitations in the analytical methodology make direct year-to-year comparisons difficult. For the years 2011--2016, NNN, NNK, and NAT were not measured in burley tobacco. Another limitation is the use of GC/TEA and GC/NCD analytical methods which are much less sensitive than LC/MS/MS. Further, the GC/TEA and GC/NCD methods for tobacco samples were focused on identifying high TSNA values. Because of the emphasis on the high end of the method range, the results near the limit of detection received less attention and the sample chromatogram integration was not optimized when results were low. The GC/NCD was validated in 2012 and re-validated in 2017. Analytical method validation, which specifies the method sensitivity, appears to have corrected this limitation after 2011. Because of the year-to-year sampling and testing differences, one should not over-interpret the precise quantitation of the TSNA values. The primary conclusion that the variation in TSNAs observed in tobaccos and MST products are considerable is not affected by these limitations.

5. Conclusion {#sec0050}
=============

High variability in NNN, NNK and NAT levels was observed in U.S. purchased burley, dark air-cured and dark fire-cured tobaccos from 2005 to 2017. Less, but still considerable variability, was observed in measured NNN, NNK and NAT levels between 2008--2017 for nine smokeless tobacco products that represented seven different tobacco blends. With an approximate 25 % relative variability in NNN levels noted in the nine smokeless tobacco products, a target level well below the proposed NNN product standard, perhaps 0.5 μg/g or less, would be required to assure that most batches of products would meet the FDA proposed NNN product standard of 1.0 μg/g dry weight in finished product. This is not possible considering the NNN levels currently present in burley, dark air-cured and dark fire-cured tobaccos as received from tobacco growers. Tobacco is an agricultural crop where variations in farming practices, processes, technologies and naturally occurring weather patterns can impact levels of NNN, NNK and NAT in tobaccos and in smokeless tobacco products made using these tobaccos. In the 11 years of data for the nine smokeless tobacco products, only 2 (0.04 %) of 5181 NNN measurements over this period were below the NNN product standard proposed by the FDA of 1.0 μg/g dry weight. Based on the results reported here plus those reported elsewhere in the literature, it is likely that few, if any, MST products currently sold in the U. S. would meet FDA's proposed NNN product standard.
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